Nitric oxide (NO) is known to be an important inflammatory mediator with a potential role in gastrointestinal diseases. We prospectively studied the luminal NO levels in 51 patients with infectious gastroenteritis, 35 patients with nonenteric bacterial infections, and 11 healthy control subjects. The levels of proinflammatory cytokines were simultaneously measured in the stools of patients with gastroenteritis. Rectal gas was sampled with balloon catheters made of silicone and was analyzed for NO levels by chemiluminescence. The median rectal NO level was 2,450 ppb in the acute phase of gastroenteritis and gradually decreased to 225 ppb after 3 to 8 weeks, whereas the median NO values were 150 ppb in patients with nonenteric bacterial infections and 100 ppb in healthy control subjects. Patients with Salmonella, Shigella, and Campylobacter infections generally had more severe symptoms and a higher median NO level (17,250 ppb) than patients with Clostridium difficileassociated diarrhea (median NO value, 275 ppb). Interleukin-1␤ levels were elevated in 82% of the patients at disease onset and decreased during the convalescent phase. In contrast, gamma interferon was detected in only 16% of the patients and was predominantly collected in stool samples collected during the subacute and convalescent stages. Our data point to the possibility of using this easy, minimally invasive method for luminal NO measurement as a diagnostic tool, among others, to evaluate the degree of intestinal inflammation in patients with infectious gastroenteritis.
The clinical spectrum of infectious gastroenteritis is wide, ranging from asymptomatic carriage or mild enteritis to severe watery diarrhea or colitis (4) (5) (6) . The severity of symptoms reflects the degree of intestinal inflammation. Noninflammatory enteritis, which occurs as a result of, for example, cholera and infections caused by enterotoxigenic Escherichia coli, is characterized by frequent, voluminous, watery diarrhea, while inflammatory enteritis, which is caused by invasive organisms such as Shigella species and Campylobacter species, is characterized by symptoms of colitis with tenesmus and bloody, mucoid stools.
Usually, the degree of inflammation in the gut is diagnosed through invasive methods such as direct inspection of the intestinal mucosa by colonoscopy. A more simple means of measuring intestinal inflammation, besides microbiological diagnostic procedures, would be valuable for distinguishing between colonization and active disease.
Nitric oxide (NO) is a pluripotent biological messenger with a potential role in gastrointestinal diseases. During intestinal inflammation various mediators, such as arachidonic acid metabolites and cytokines, are produced at increased levels. Some of the proinflammatory cytokines, e.g., tumor necrosis factor alpha (TNF-␣), interleukin-1␤ (IL-1␤), and gamma interferon (IFN-␥), as well as bacterial toxins are known to upregulate inducible NO synthase (iNOS) and thus trigger the production of excessive and potentially toxic NO levels in the intestine. Direct measurement of NO levels is difficult to perform in most biologic systems because of the short-lived nature of this gas, especially in the presence of proteins, e.g., hemoglobin. Therefore, NO is usually measured by evaluation of the levels of its more stable oxidation products, nitrite and nitrate. NO in the gaseous form is, however, fairly stable, which has enabled direct measurement of its levels in air-filled hollow organs, such as the intestine and airways (14, 15) . A novel minimally invasive technique for measurement of NO levels in the rectum has been developed. By this technique, increased rectal NO levels have been shown in patients with intestinal inflammatory disorders such as ulcerative colitis, Crohn's disease, collagenous colitis, and celiac disease (7, 8, 16, 19) . We have recently shown that rectal NO levels are greatly increased in patients with infectious gastroenteritis, including Clostridium difficile-associated diarrhea (CDAD) (9) . This indicates that measurement of rectal NO levels might be a simple, noninvasive, and useful method for evaluating the degree of inflammation in patients with infectious gastroenteritis.
The aim of this study was to determine rectal NO levels as well as the levels of proinflammatory cytokines in stools and their variation over time in patients with infectious gastroenteritis.
MATERIALS AND METHODS
Fifty-one adult patients who were admitted to the Department of Infectious Diseases at Huddinge University Hospital (Stockholm, Sweden) because of infectious diarrhea were included in the study. Data regarding the date of onset of diarrhea, stool frequency, fever, and other concomitant symptoms were registered. Blood and stool samples were collected; and rectal NO levels were mea-sured on admission (acute phase), 2 to 7 days after admission (subacute phase), and at follow-up 3 to 8 weeks later (convalescent phase). Infectious diarrhea was defined as a change in bowel habits during the previous 14 days with an acute onset and with three or more loose stools during the previous 24 h not attributable to any other known cause. The study was approved by the ethics committee of the Karolinska Institute, Stockholm, Sweden.
Control subjects. Thirty-five patients (infected controls) who had nonenteric bacterial infections (erysipelas, pneumonia, pyelonephritis) but no symptoms of intestinal disease and who were treated in the same department as the study subjects, as well as 11 healthy individuals (volunteer medical staff), were recruited as control subjects. Each individual was examined once for measurement of rectal NO levels.
Laboratory investigations. Stool specimens were analyzed by established methods for enteropathogenic bacteria, including Salmonella species, Shigella species, Campylobacter species, Yersinia enterocolitica, Aeromonas species, and C. difficile. If the initial stool sample was positive for an enteropathogen, another fecal specimen was obtained at follow-up. Slide preparations were examined for ova and parasites by established methods. The samples were analyzed for Creactive protein (CRP) at the hospital laboratory.
Rectal NO measurements. NO sampling was done by using a thin all-silicone Foley catheter (10 Argyle; Sherwood Medical, Tullamore, Ireland) inserted approximately 10 cm into the rectum. The catheter balloon was inflated with 10 ml of ambient air containing less than 5 ppb of NO and was left in place for 10 min to equilibrate with the gases in the rectum. The balloon was then emptied and the gas was immediately analyzed for NO content by using a chemiluminescence analyzer (Aerocrine AB, Stockholm, Sweden), as described by Herulf et al. (7) . Analyses of the results of the in vitro experiments have shown that within this equilibration period the level of recovery of NO reaches a reproducible plateau (7) .
Cytokine assays. Stool samples were stored at Ϫ70°C until they were processed for cytokine analysis, as previously described in detail (21) . The levels of IL-1␤, IL-4, TNF-␣, and IFN-␥ in processed stool samples were determined by multiplex cytokine analyses with Fluorokine MAP kits (R&D, Minneapolis, Minn.) and the Luminex 100 instrument (Luminex Corp., Austin, Tex.). The lower limits of detection for IL-1␤, IL-4, TNF-␣, and IFN-␥ ranged between 3 and 20 pg/ml.
Statistical methods. A normal distribution was achieved by logarithmic transformation. Student's t test was used for comparison between groups. NO levels over time were studied by analysis of variance by the Tukey-Kramer honestly significant difference test as the post hoc test for paired comparisons.
RESULTS

Patient characteristics and microbiological findings.
The age and sex distributions of the patients and the control subjects as well as the median CRP and rectal NO levels on admission are shown in Table 1 . Patients with CDAD were generally older than the remaining patients (P Ͻ 0.007) ( Table  1) .
Of the 51 patients with infectious diarrhea, 34 (67%) were found to shed potential enteropathogens (double infections were found in three patients): C. difficile (n ϭ 12), Salmonella species (n ϭ 9), Campylobacter species (n ϭ 12), Aeromonas species (n ϭ 2), and Shigella species (n ϭ 2). For all patients with a positive stool culture on admission, the stool specimens obtained at follow-up were negative for enteropathogens. No parasites were found in slide preparations.
Intense diarrhea, defined as Ͼ10 bowel movements per day, was noted in 31 of 47 patients (66%) ( (Table 2) . Of 12 patients with CDAD, 7 (58%) had a fever, whereas 16 of 22 (73%) patients with other bacterial enteritis and 15 of 17 (88%) patients with negative stool cultures had a fever.
All patients gradually improved during the subacute phase of the disease and recovered during the convalescent phase.
Rectal NO levels over time. The kinetics of rectal NO levels in patients with infectious diarrhea during the acute, subacute, and convalescent phases of the disease as well as in control Fig. 1 . Although large interindividual differences were seen during the acute phase, generally high rectal NO levels were found (median value, 2,450 ppb; range, 100 to 53,900 ppb), but these gradually decreased in the subacute phase (median value, 2,375 ppb; range, 100 to 32,500 ppb) and approximated the levels in the healthy control subjects (median value, 100 ppb; range, 50 to 300 ppb) during the convalescent phase (median value, 225 ppb; range, 50 to 21,500 ppb). The NO levels obtained during the acute and subacute phases of the disease were significantly higher than those obtained during the convalescent phase (P Ͻ 0.05), which were in the same range as those found in the infected controls and the healthy control subjects. Thus, rectal NO levels generally decreased with the clinical improvement of the patients. However, a few patients also had high NO levels in the convalescent phase, even though they had recovered clinically (Fig. 1) . There was no evident correlation between NO levels and clinical symptoms during the acute stage of disease. Although patients with intense diarrhea during the acute phase had a higher median NO level than those with milder symptoms (2,700 and 1,000 ppb, respectively), the difference was not significant. There was also a tendency (not statistically significant) for NO levels to be higher in patients with a fever (temperature, Ͼ38°C; median value, 3,100 ppb) than in those with no fever (median value, 600 ppb) (P ϭ 0.8). There was no correlation between NO levels and CRP levels ( Table 2) . Patients who reported bloody stools tended to have lower NO levels (median value, 125 ppb; range, 100 to 28,750 ppb) than the remaining patients (median value, 3,125 ppb; range, 100 to 46,700 ppb) ( Table 2) .
Patients with nonenteric bacterial infections (infected controls), including those with extremely high CRP levels (Ͼ300 mg/liter), generally had low NO levels (median value, 150 ppb; range, 50 to 8,250 ppb), comparable to the NO levels in the healthy controls ( Fig. 1; Table 1 ).
The kinetics of rectal NO levels over time in patients with CDAD and other forms of bacterial enteritis, as well as those with negative stool cultures, showed that NO levels decreased concurrently with clinical improvement, as was the case in all patients with infectious diarrhea. The NO levels during the acute phase of the disease were generally higher in patients with bacterial enteritis (median value, 17,250 ppb; range, 500 to 53,900 ppb) and lower in patients with CDAD (median value, 275 ppb; range, 100 to 46,700 ppb) compared to those in all patients (median value, 2,450 ppb; range, 100 to 53,900 ppb) (P Ͻ 0.04 and P ϭ 0.5 for bacterial enteritis and CDAD, respectively) ( Table 1) . Patients with negative stool cultures also generally had lower NO levels (median value, 1,000 ppb; range, 100 to 19,050 ppb) compared to those in all patients (P Ͻ 0.03). There were no significant differences between acute-phase NO levels in patients with Campylobacter, Salmonella, Shigella, or Aeromonas infections (data not shown).
Stool cytokine levels over time. Stool IL-1␤ levels during the acute, subacute, and convalescent phases of the disease in patients with infectious diarrhea are illustrated in Fig. 2 . IL-1␤ levels were elevated in 37 of 45 (82%) patients, and the levels decreased concurrently with the clinical improvement. High levels (median value, 1,721 pg/ml; range, 0 to 107,425 pg/ml) were found during the acute phase but rapidly decreased during the subacute phase (median value, 24.5 pg/ml; range, 0 to 2,973 pg/ml) and the convalescent phase (median value, 75 pg/ ml; range, 0 to 3,810 pg/ml) (P ϭ 0.053). As in the case of NO, large interindividual differences were seen. The IL-1␤ levels were generally higher, although not statistically significantly so, among patients with bacterial enteritis than among patients with CDAD or negative stool cultures. IL-1␤ levels in relation FIG. 1. Rectal NO concentrations over time in 51 patients with infectious diarrhea, 35 patients with nonenteric bacterial infections (infected controls), and 11 healthy control subjects. The acute phase (n ϭ 51) was from day 0 to 1 after admission to the hospital, the subacute phase (n ϭ 22) was from days 2 to 7 after admission to the hospital, and the convalescent phase (n ϭ 28) was from days 22 to 56 after admission to the hospital. The plus signs indicate the presence of diarrhea at the time of examination. to the symptoms and features of the patients are shown in Table 2 . There was no correlation between NO and IL-1␤ levels (data not shown). IFN-␥ was detected in only 8 of 45 patients (18%) and was predominantly detected in stool samples collected during the subacute and convalescent phases. Detectable levels were found only in patients with bacterial enteritis (n ϭ 5) and patients with CDAD (n ϭ 3).
IL-4 and TNF-␣ were detected in stool samples from 15 of 45 (33%) and 5 of 45 (11%) patients, respectively. IL-4 was detected in 7 (14%) of the patients with bacterial enteritis and 6 (12%) of the patients with CDAD but in only 2 of the patients (2%) with negative stool cultures. TNF-␣ was detected only during the acute and subacute phases of the disease and only in patients with bacterial enteritis and CDAD.
DISCUSSION
In this study we have shown increased levels of rectal intraluminal NO in patients during the acute stage of infectious gastroenteritis, regardless of the etiology, compared to those in both patients with nonenteric bacterial infections and healthy volunteers, in accordance with the previous findings by Herulf et al. (9) . NO levels were generally higher in patients with Salmonella, Shigella, and Campylobacter infections than in patients with enteritis of unknown etiology and patients with CDAD, who also had less severe clinical symptoms. Thus, the NO levels had a tendency to reflect the severity of disease. We also found that NO levels gradually decreased over time, in general, following clinical improvement of the patient.
The exact site of NO production as well as its role in inflammatory conditions of the intestines remains unclear (11, 23) . It is likely that the NO present in the lumen is derived from the mucosa, since NO synthase has been detected there (2, 18) . Thus, in patients with inflammatory bowel disease and high luminal NO levels, iNOS is upregulated in the colonic mucosa. It has previously been suggested that luminal NO is produced very superficially, since it would probably be degraded if it was produced in deeper layers due to the wide variety of scavenging systems found in the mucosa. Hemoglobin is a well-known scavenger of NO, and interestingly, we also found that patients with bloody stools tended to have lower NO levels.
There are conflicting results as to the detrimental or beneficial effects of NO. NO or its reaction products may be cytotoxic to host cells when it is produced in excess, and it has been shown to induce diarrhea in experiments with animals (10); on the other hand, however, NO might enhance the local host defense through its bacteriostatic and antiviral properties. Furthermore, McCafferty et al. (17) reported that colitis was more severe and of a longer duration in iNOS-deficient mice in an experimental mouse model of colitis.
Although proinflammatory cytokines like IL-1␤ have been shown to induce iNOS (23), we were unable to find a significant correlation between stool IL-1␤ levels and rectal NO levels during the acute stage of the disease. This could, however, possibly be explained by a temporal difference in the production of IL-1␤ and NO. The lack of correlation between NO and CRP levels could also be explained by this temporal difference in production.
Kinetically, and similar to the rectal NO levels, stool IL-1␤ levels showed a tendency to decline over time. During the acute stage in patients with infectious gastroenteritis, regardless of the etiology, the elevated stool IL-1␤ levels subsided with clinical progress, but they subsided much more rapidly than NO levels. TNF-␣ could be detected in only five patients and only during the acute and subacute phases, in line with its early proinflammatory role in the inflammatory cascade (3) IFN-␥ was found in only a minority of the patients but was found in these patients predominantly during the subacute and FIG. 2. Stool IL-1␤ concentrations over time in 37 patients with infectious diarrhea. The acute phase (n ϭ 37) was from day 0 to 1 after admission to the hospital, the subacute phase (n ϭ 14) was from days 2 to 7 after admission to the hospital, and the convalescent phase (n ϭ 19) was from days 22 to 56 after admission to the hospital.
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convalescent phases. This is in accordance with earlier findings for patients with Shigella infections. Raqib et al. (22) found low IFN-␥-levels at disease onset, and these gradually increased with progression of the disease, with the elevated levels persisting for at least 45 days. In many enteric infections, asymptomatic carriage of the pathogen is almost as common as the disease itself, at least in some populations. Epidemiological studies have actually shown that the rate of C. difficile carriage might be as high as 10 to 35% in asymptomatic hospitalized patients who are treated with antibiotics (24) . Due to high carriage rates in selected populations, the casual relationship between diarrhea and the findings of an enteropathogen in feces is thus not always evident. Treatment with antibiotics in such cases may be directed just toward the microorganism and may have no effect on the clinical disease. Indeed, some patients with CDAD had fairly low NO values and also fairly moderate symptoms. Whether these patients were sick from the C. difficile infection or just colonized with C. difficile remains unclear, however.
A direct inspection by endoscopy would reveal an ongoing inflammatory process, but such examinations are unpleasant for the patient and are also time-consuming. Measurement of rectal NO levels was, however, found to be rapid and simple and involved minimal discomfort to the patient. As we have also shown that other invasive bacterial infections do not result in high rectal NO levels, despite a high fever and elevated CRP levels, we can assume that the high NO levels found in patients with acute enteritis mirror local intestinal inflammation.
One might argue that the measurement of nitrate and nitrite levels in plasma (nitrate and nitrite are the stable end products of NO formation) would be even more simple to perform. Indeed, elevated levels were found in patients with acute gastroenteritis (1, 12) and cholera or shigellosis (20) . However, the dietary intake of nitrate influences the concentration in plasma; moreover, the levels of accumulated nitrate and nitrite do not necessarily reflect the current levels of intestinal production.
Our data point to the possibility that the easy, minimally invasive method described here can be used as a tool, among others, for the diagnosis of selected cases of infectious enteritis and can aid the clinician in determining whom to treat with specific antibiotics and, through repeated measurements, in monitoring the clinical course of the illness. It must be kept in mind, however, that we also found patients who had clinical symptoms pointing to invasive enteric disease but whose initial NO levels were quite low. Furthermore, as high NO levels have also been shown in patients with active inflammatory bowel disease, such as Crohn's disease and ulcerative colitis (7, 13) , these conditions should always be kept in mind in the differential diagnosis.
